Background: In interphase nuclei of a wide range of species chromosomes are organised into their own specific locations termed territories. These chromosome territories are non-randomly positioned in nuclei which is believed to be related to a spatial aspect of regulatory control over gene expression. In this study we have adopted the pig as a model in which to study interphase chromosome positioning and follows on from other studies from our group of using pig cells and tissues to study interphase genome re-positioning during differentiation. The pig is an important model organism both economically and as a closely related species to study human disease models. This is why great efforts have been made to accomplish the full genome sequence in the last decade.
Background
Studying non-random positioning of chromosome territories in interphase nuclei has led to an understanding of the spatial control of gene expression, in addition to gene and regulatory element sequence and chromatin modification [1, 2] . Meaning that the position of a chromosome territory within an interphase nucleus may contribute to the control of gene expression [3, 4] . In our studies of human tissue culture cells we have demonstrated that chromosome positioning is correlated with mostly with gene density in young proliferating cells [5] [6] [7] , which changes to a size associated distribution of chromosome territories once the cells have exited the cell cycle [7] [8] [9] [10] . It could be further hypothesised that specific chromosomes and/or gene loci would change their nuclear location before or after changes in regulation associated with cell differentiation. Indeed there is evidence in the literature that interphase positioning of chromosome territories may be tissue-specific and alter after differentiation. In human tissue culture cells the interphase positioning of most human chromosomes is conserved in both skin fibroblasts and lymphoblasts with the exception of two chromosomes, 8 and 21 [6] . Cell types derived from similar differentiation pathways such as small lung cells and large lung cells, or lymphocytes and myleoblasts also exhibited similar overall chromosome positioning but with some distinct tissue-specific chromosome locations apparent between the different cell types [11] . Human and porcine chromosomes have also been demonstrated to change nuclear location after induced adipogenesis [12, 13] , and during normal spermatogenesis [14] .
The majority of studies on chromosome positioning have focussed on human cells however it appears that in all species so far studied, that the positioning of chromosome territories is non-random [15] , including human [5, 6, 16, 17] , birds [18, 19] , snail [20] , mouse [21] , cow [22] , and non-human primates [23] [24] [25] [26] . Even in lower organisms such as Hydra and bacteria -distinct organisation of the genome has been observed [27, 28] .
To date, there have not been many chromosome positioning studies on porcine cells despite the pivotal role of pigs. Indeed the pig has much to offer as a model for human disease, for example, in diabetes and obesity, fertility, infectious disease resistance and maternal aggression. The pig is an important organism given its physiological similarities to human and its agricultural significance [29] . Pigs and humans also share numerous similarities with respect to their genomes with comparable genome sizes [30] , karyotypes [31] , and synteny [32, 33] and the first draft of the porcine genome sequence is now near completion. Studies so far have positioned chromosomes in porcine spermatozoa [14] , mesenchymal stem cells and differentiated adipocytes [13] and resting and activated neutrophils [34] . Many of these studies however are on single or small numbers of cell types and have yet to provide much insight into what properties or characteristics are involved in porcine genome behaviour in interphase nuclei. Nonetheless, they have all revealed that chromosome behaviour in pig cells is responsive to external stimuli during proliferation or differentiation.
In this study, we have assessed the interphase genome behaviour of individual porcine chromosomes in a range of porcine cells and tissues. Such studies will allow us to understand more about the spatial influences on genome function in differentiation, development and disease. Thus, in order to understand more about porcine genome behaviour, we have positioned individual whole chromosomes in different cell types such as a newly generated adult porcine fibroblast line (SOB), an embryonic fibroblast cell line (ESK4), ex vivo lymphocytes and ex vivo bone marrow Mesenchymal stem cells (MSCs). Further, we have then developed methods to permit the 3D positioning of chromosome territories in frozen porcine tissue sections. This has allowed a comparison between tissues derived from different germ layers in the embryo; and a further comparison between cells grown in tissue culture and cells directly from the animal.
Results
Interphase chromosome positioning in porcine tissue culture cells
Interphase chromosome positioning for nearly all porcine chromosomes was assessed in two lines of porcine fibroblasts derived from adult and embryonic tissue, mesenchymal stem cells derived from porcine bone marrow, and lymphocytes directly isolated from porcine blood (Figure 1 ). Chromosome positions in human interphase nuclei are different in non-proliferating cells and can even be found in alternative locations reversibly quiescent or irreversibly senescent cells [8, 9, 35] . In order to be sure that the cells we were analysing were in the proliferative cell cycle, we used cells that were in S-phase due to a short pulse of BrdU for incorporation into newly synthesised DNA during DNA replication ( Figure 1) . This was not possible for lymphocytes as they were isolated directly from pig blood. Figure 2 displays representative images of chromosome territory delineation and position in the four analysed cell-types in 2D flattened proliferating nuclei. Fifty images of each cell type, with each chromosome paint, apart from SSC9, SSC10, SSC12, SSC14, and SSCY (in female primary cells) due to probe availability, were subjected to an erosion analysis script that divides the nucleus into five concentric shells of equal area (see [5] ). The percentage of DNA signal intensity and the percentage of chromosome signal intensity were measured for each shell. To normalise the data the chromosome signal intensity measurement per shell was divided by the DNA intensity measurement of the same shell. The mean chromosome position was determined from the distribution of normalised hybridisation signal across the five concentric shells, with shell 1 being the nuclear periphery and shell 5 the nuclear interior. These data were plotted in histograms and their relative position in nuclei determined (Figure 3) , such that where the histograms display more normalised signal in shells 1 and 2 we state that the chromosomes are located more towards the nuclear periphery. If the histograms display more normalised signal in shells 4 and 5 then we state that the chromosomes are more towards the nuclear interior. An intermediate positioning is revealed when shell 3 displays more normalised signal then other shells, giving a bellshaped curve. The distribution of chromosome signal using this method was fairly easy to categorise for a number of graphs but for others it was not so straightforward and thus we have a bimodal distribution for chromosome 5 in adult fibroblasts and equally distributed for chromosome 2 also in adult fibroblasts. The data for each specific shell from the different cell types was collated and compared using a one-way ANOVA ( Table 1 ). The statistical analysis clearly shows no significant difference in the interphase positions of porcine chromosomes 2, 16, 18 and X in each of the cell types. Interestingly, when the lymphocyte data was removed from the oneway ANOVA test, there were also no significant differences for chromosomes 4, 6, 7, 11, and 13 ( Table 2 ). It is notable that lymphocytes tended to have fewer chromosomes signal at the nuclear periphery (shell 1) compared with any other cell type. The statistical analyses shown in Tables 2 and 3 demonstrate that, in general, the spatial positioning of whole chromosomes between the different cell types is generally conserved. 2D chromosome territory positioning analyses were confirmed in 3D fixed culture cells with a sub-set of chromosome paints (data not shown).
Chromosome positioning in 3D ex vivo tissue sections
The cultured cell types used to investigate chromosome territory organisation were all derived from mesodermal origin, and thus followed a similar differentiation Figure 2 Representative 2D FISH images displaying examples of peripheral, intermediately and internally positioned chromosome territories within (SOB), (ESK4), MSCs and lymphocytes. Whole chromosome painting probes were labelled with biotin and detected using streptavidin conjugated to Cy3 (pseudocoloured green) and the nuclei were counterstained with DAPI (blue). The number/letter on the top right hand-side of each image depicts the chromosome painted in each nucleus. Bar, 10 μm.The right hand panel demonstrates how the erosion analysis works by delineating the DAPI mask and then eroding in revealing five shells of equal area in which the % signal of DAPI and the chromosome signal are measured.
pathway. This may account for the similarities in analogous chromosome territory positioning between the different cell types analysed. To investigate how genome organisation is influenced in cell types derived from divergent differentiation pathways, chromosome positioning was ascertained in tissues, namely kidney (mesodermal), lung (endoderm), and brain (ectodermal) ( Figure 3 ).
The nuclear positioning of chromosomes 5, 13, 17 and X was analysed. These chromosomes were chosen to represent different sizes of chromosome i.e. SSC 13 (large) SSC 17 (small) and SSC 5 and X for their behaviour in other cells i.e. SSC5 was found in a different nuclear position in each cell-type whereas X was always at the nuclear periphery. New methods were developed to perform 3D-FISH with whole chromosome painting Figure 3 Radial positioning of chromosome territories determined via two-dimensional FISH in adult fibroblasts (SOB), embryonic fibroblasts (ESK4), and MSCs during S-phase and in lymphocytes. Erosion analyses were performed by ascertaining the distribution of the mean proportion of hybridisation signal per chromosome (%), normalised by the percentage of DAPI signal, over five concentric shells of equal area from the nuclear periphery to centre [5] . The x-axis displays the shells from 1-5 (left to right), with 1 being the most peripheral shell and 5 being the most internal shell. The y-axis shows signal (%)/ DAPI (%), from 0 to 1.8 with 0.2 increments.
probes on porcine tissue. Optical sections of the tissue were captured using confocal microscopy ( Figure 4 ) and the digital images analysed in Imaris. The distances of the centre of the chromosome territory to the nearest nuclear edge were measured and this measurement was normalised by the longest width of the nucleus. Figure 5 demonstrates the relative nuclear position of these four chromosomes. The small chromosome 17 had a more intermediate/internal position in all of the tissue types examined. The other chromosomes, which include the large chromosomes 13 and the intermediate sized chromosomes X and 5, were all located towards the nuclear periphery. This was confirmed via statistical analysis using an unpaired, unequal variance, two-tailed Student t-test. Comparison of the chromosome positions between the different tissue types, at the 95% confidence level showed no statistical difference in the nuclear positioning of chromosome territories for 5, 13, 17 or X in brain, kidney, or lung tissue sections.
Discussion
Attention has been focused towards mapping the position of whole porcine chromosome territories in interphase nuclei in a quest to understand further how and why the genome is organised in the way that it is, within the nuclear environment. In this study, the position of porcine chromosomes within interphase nuclei from a number of cell types was mapped and correlated to both gene density and size theory of chromosome positioning.
This study has determined that, like many other genomes studied, the porcine genome is highly organised into territories that are non-randomly positioned within the nucleus. Indeed, this is the largest study so far to investigate porcine genome organisation and the nuclear positioning of porcine whole chromosomes. This study has mapped the position of the majority of porcine whole chromosome territories in a number of different cell types, surpassing that of any other species. It remains unclear however how chromosomes assume these nuclear positions.
Existing evidence shows that there are correlations between the nuclear positioning of a chromosome and its gene density [5, 6, 36] or size [8, 17, 37, 38] . We have, for the purposes of this study, attempted to calculate the gene density of each chromosome via the distribution of porcine CpG islands [39] , H3 isochores [40] , using synteny to the human genome with respect to CpG island distribution, early and late replicating DNA and the known nuclear positioning of syntenic chromosomes ( Figure 6 and Table 3 ) [5, 6, [41] [42] [43] and via the current gene assignments mapped to porcine chromosomes on e!Ensembl (http://www.ensembl.org/Sus_scrofa/Location/Genome -last accessed 26.08.10) ( Statistical analysis of 2D FISH data using one-way ANOVA. Data for each specific shell from the different cell types (SOB, ESK4, lymphocytes and MSCs) was pooled and compared for each chromosome. Key: S -significant; NS -not significant.
should be noted that the genome has not yet been fully annotated. Table 3 displays our predicted porcine chromosome territory interphase positioning according to these various estimates of gene density of each porcine chromosome or known positioning of human chromosomes in proliferating fibroblasts or lymphoblasts. With these correlations, less than half of the porcine chromosomes actual positions fit with the predicted positions. Although the porcine genome has been sequenced, the assignment of a number of genes still needs to be determined. Using the latest porcine genome information we have calculated a gene-density value for each chromosome by dividing the possible genes on each chromosome by the Mbp size for that chromosome. These values range from 3.9 for porcine chromosome 11 to 12.9 for chromosome 7 ( Table 4 ). In Table 3 we display the chromosomes and their categorised position in SOB adult fibroblasts in descending order of gene density and the correlation between gene density and position is weak with the poorest gene dense chromosome being in the nuclear interior and the richest at the nuclear periphery. Given that the genome sequencing is only near completion there may still be a gene density distribution that presently remains elusive. However, the correlation appears much more convincing for size with the three smallest chromosomes being found in the nuclear interior and the two largest chromosomes at the nuclear periphery. It should also be noted that these are proliferating cells but they are all in S-phase. For humans no difference in chromosome positioning for human chromosomes 18 and 19 was revealed in S-phase [6] . 
Table shows detailed data from the statistically significant nuclear shells. The cell type that causes the statistical difference is highlighted accordingly in bold. The P value shows comparisons with each cell types excluding the statistically different shell using one-way ANOVA. This table displays comparisons between the chromosome territory positioning of actual porcine chromosomes from 2D FISH in SOB cells relative to predictions from synteny with human chromosomes, epigenetic markers, in silico gene data and chromosome size. This allows a comparison to show how the positioning of whole porcine chromosomes within the nucleus fit with the size and gene density theories of organisation. 1 Synteny between the human and porcine genome (https://wwwlgc.toulouse.inra.fr/pig/compare/SSC.htm, see also http://piggenome.org/docs/index.php) was used to predict the analogous porcine chromosome territory position from human chromosome territory data [6] . 2 The assignment of human epigenetic markers (e.g. CpG island-rich chromatin, early replicating DNA, late replicating DNA) [42, 53] can be used through synteny studies as markers to predict the gene density of chromosomes. A projection of chromosome territory positioning can be made according to the gene-density theory of organisation, since more gene-rich chromosomes would be expected to occupy internal nuclear positions, and gene-poor chromosomes having more peripheral localities. 3 Porcine epigenetic markers (e.g. CpG island-rich chromatin and H3-isochore rich chromatin) were used to predict potential chromosome positioning according to the gene density theory of organisation. The last two columns show the chromosomes and their categorised nuclear locations in order of gene density and size. Key, P -peripheral; I -intermediate; Int -interior; Eq -equally distributed. Figure 4 Confocal optical sections displaying the nuclear positioning of chromosomes 5, 13, 17 and X in porcine brain, kidney, and lung tissue. The insets show nuclei that have been enlarged for greater detail from other fields of view. Whole chromosome painting probes were labelled with biotin and detected using streptavidin conjugated to fluorescein isothiocyanate (green) and the nuclei were counterstained with propidium iodide (red). Bar, 10 μm.
Our studies allowed comparison in the positioning of homologous chromosomes in kidney fibroblasts derived from both adult and embryonic tissue. It was revealed that chromosomes had comparable interphase nuclear locations. Since cells from the embryonic lineage had already differentiated to kidney fibroblasts and followed the same differentiation pathway as the adult kidney fibroblasts, then similar chromosome positioning was perhaps likely.
The more interesting comparison perhaps is the comparison between the ex vivo lymphocytes and the tissue culture cells, since lymphocytes are derived from haemopoietic lineage and therefore may also exert distinct tissue specific control of genome organisation. Despite over 95% of cultured lymphocytes being deficient in Atype lamins and the difference in stem cell lineage, the majority of chromosomes occupied similar nuclear locations. We did however note that we found less chromosome signal at the nuclear periphery in shell 1 for lymphocytes, which may be due to the role A-type lamins play in anchoring the genome to the nuclear periphery [44] . However, the amount of total chromatin as stained by DAPI was not dissimilar to other cell types used in this study.
The use of pig tissues and development of a 3D FISH protocol has allowed us also to perform pig chromosome territory delineation and position analysis in cells in 3D preserved frozen tissue sections. So to determine whether the spatial positioning of chromosomes within nuclei is tissue specific, the nuclear position of four porcine chromosomes 5, 13, 17 and X were ascertained in three different tissues types including brain, kidney, and lung. Although each tissue type arose from different origins (endoderm, mesoderm or ectoderm) and contained specialised cells, analogous porcine chromosomes occupied equivalent interphase nuclear positions in each of the tissue types analysed. These data differed to a previous study that investigated genome organisation in nuclei derived from specific mouse tissues [11] . Parada and colleagues found that although some chromosomes shared similar interphase nuclear positions, many exhibited a tissue specific organisation, particularly cells that followed divergent differentiation pathways [11] .
From this study it is apparent that chromosomes occupy similar interphase nuclear positions regardless of in vitro or in vivo conditions. Comparisons between chromosome positioning of chromosomes 5, 13, 17 and X in cultured nuclei (during S-phase) and nuclei within ex vivo tissue sections, reveals that chromosomes 5, 13 and X occupy peripheral positions, whereas chromosome 17 is localised at more internal nuclear locations ( Figure 5 ). Nuclear positioning data for chromosomes 5, 13, 17 and X verify that chromosomes share analogous nuclear positions between in vitro cultured nuclei and in vivo nuclei. However, variations in culture conditions, such as serum starvation, can Figure 5 Histogram showing the radial positioning data for chromosomes 5, 13, 17 and X territories in tissue sections of brain, kidney, and lung using whole chromosome painting probes. The centre of each chromosome territory to the nearest nuclear edge (in 3 dimensions) was measured and normalised by the length measurement for each nucleus.
substantially affect relative interphase chromosome positioning as demonstrated with human chromosomes becoming repositioned from a peripheral nuclear location to an internal location upon quiescence [9] . Considering the possible influence of altered culture conditions on genome organisation, serum was removed from adult porcine fibroblasts cultures for several days in an effort to quiesce cells. Unfortunately, we were unable to quiesce the cells via a decrease in serum levels to 0.5% or via contact inhibition since apoptosis was induced and many cells were lost, a phenomenon previously reported in cultured pig cells [45] . Therefore we could not determine if chromosome territories were repositioned within the nuclei in quiescent porcine cells. Nevertheless, despite the proliferation status of in vivo cells in tissue sections being undetermined, equivalent chromosome positions within nuclei were exhibited regardless of their proliferation status. The brain is composed of two main cell types neurons and glial cells, with glial cells representing 90% of brain cells. Brain cells are terminally differentiated and have ceased cell division [46] , however, despite their quiescent nature no alterations in the nuclear position of specific porcine chromosomes were ascertained. The conditions used to make in vitro cells quiescent, such as serum starvation or contact inhibition do not typically mimic in vivo conditions of quiescent cells. Thus, in vitro quiescent cells may exhibit altered chromosome territory position due to specific signal transduction pathways not normally activated or Figure 6 Schematic diagram showing the porcine karyotype. Each chromosome has its size represented (Mbp) [52] . Porcine CpG island [39] and H3-rich isochore distribution [40] is shown on the right-hand side of each chromosome. Synteny to human CpG island distribution and early replicating DNA [42] , synteny to late replicating human DNA [42] , and synteny to human nuclear chromosome positions [6] are shown of the left-hand side of each chromosome. This was performed by examining syntenic regions between the porcine genome and human genome (https://wwwlgc.toulouse.inra.fr/pig/compare/SSC.htm -last accessed 26.08.10; see also http://piggenome.org/docs/index.php). Synteny for chromosomes 9, 10, 12, 14 were not performed since we did not have flow-sorted template for these chromosomes to make chromosome painting probes. Therefore we have no data for these chromosomes.
silenced in in vivo cells. Although the pig seems an excellent animal model it is also possible that species-specific differences may arise resulting in conflicting data. This is evident when using the mouse as a model for genome organisation. The mouse genome is uniform in size and gene density and chromosomes are positioned at different nuclear locations within mouse nuclei compared to the nuclear position of syntenic human chromosomes in human nuclei [47] .
In summary, the porcine genome is non-randomly organised with most chromosomes occupying similar nuclear positions despite developmental origin or lineage and regardless of being cultured in vitro or from in vivo tissue. From epigenetic data, projected gene assignments and chromosome size, it would appear presently that the porcine genome does not fit completely into either the size or gene-density model of chromosome positioning. We will assess gene-density correlated positioning again in the future when the porcine genome is well established. Thus it appears that other parameters also influence the positioning of whole chromosomes within the nucleus.
Conclusions
This study has established the pig as a model organism for genome organisation. The majority of porcine chromosomes have been positioned in a number of different cells types surpassing that of any other organisms. It has allowed comparison between in vivo and ex vivo material with respect to chromosome positioning and between cell types. It is thus an important study for the interphase genome organisation field but also for the porcine genome community.
Methods

Culture cell preparation
Porcine adult kidney fibroblasts, and mesenchymal stem cells were isolated from pig kidney and bone marrow samples respectively. MSCs were cultured in Dulbecco's modified Eagles medium (DMEM) with 20% (v/v) NCS, antibiotics (10 units/ml penicillin, 50 μg/ml streptomycin) and 2 mM L-glutamine for approximately 3 days of culture and then the serum level was reduced to 10% [48] . The adult porcine kidney fibroblasts (SOBs) were cultured in Minimum Essential Medium Eagle (EMEM) medium containing Earle's balanced salt solution (EBSS) (Sigma-Aldrich) and supplemented with 2 mM Glutamine, 1% non-essential amino acids, antibiotics (10 units/ ml penicillin, 50 μg/ml streptomycin) and 20% foetal bovine serum. Again, after 3 days the serum level was lowered to 10%. All of the primary porcine cells were grown at 37°C with a 5% carbon dioxide level. The porcine embryonic kidney fibroblast (ESK4) cell line was purchased from European Collection of Cell Cultures [49] . Cells were cultured in EMEM (EBSS) medium (SigmaAldrich) supplemented with 2 mM Glutamine, 1% nonessential amino acids, antibiotics (10 units/ml penicillin, 50 μg/ml streptomycin) and 10% foetal bovine serum. Porcine whole blood was collected in a lithium heparin vacuette W tube and 0.5 ml of blood was cultured in 9.5 ml of PB-MAX™ Karyotyping medium (Invitrogen) at 37°C with 5% carbon dioxide for 72 hours. In silico information with the current (as of September 2010) number of genes mapped and predicted for the porcine genome derived from e!Ensembl (http://www.ensembl.org/Sus_scrofa/Location/Genome). Each gene category has been added together to show the total number of genes assigned to each chromosome. The table shows individual porcine chromosome size in Mbp [52] and length sequenced in Mbp. The predicted gene density of each chromosome was calculated by: the total number of genes/chromosome size. The higher the gene density value, the more gene dense the chromosome.
Cultured cells for 2D and 3D FISH (excluding lymphocytes) were pulse labelled for one hour prior to hypotonic treatment and fixation with BrdU (Sigma-Aldrich). This was to detect cells synthesising DNA (S-phase). 1 μl of 30 mg/ml BrdU and 1 μl of 0.3 mg/ml of 5-fluoro-2'-deoxyuridine (FUrd) (Sigma-Aldrich) were added to each ml of media present in the flask for the 1 hour pulse.
Preparation of cells for 2D-FISH
Cultured cells (with the exception of the lymphocytes) were harvested using 0.25% trypsin solution, and then the trypsin was neutralised by the addition of an equal volume of complete medium. Cells were washed with versene and incubated with hypotonic buffer (0.075 M KCl) for 15 min at room temperature before being centrifuged at 300-400 g for 5 minutes. Cells were fixed with ice-cold 3:1 (v/v) methanol/ glacial acetic acid added drop wise to the cell pellet and then incubated for at least 1 hour at 4°C. The cells were centrifuged at 300-400 g for 5 min and the process of fixative addition was repeated a further four times with a 5-15 minute incubation before centrifugation. The cell preparation was dropped onto slides.
Tissue section preparation
Porcine brain, kidney, and lung tissue samples were used in this study. Tissue samples were cut into small pieces, frozen in a hexane bath and stored at −80°C. 60 μm sections of frozen tissue were cut using a cryomicrotome (Bright 5030 microtome) and adhered to slides coated with 3% 3-aminopropyltriethoxysilane (APES).
The tissue sections were fixed with 4% paraformaldehyde at room temperature for 10 minutes. The sections were washed in PBS and permeabilised in 0.5% saponin (w/v) and 0.5% Triton X-100 (v/v) in PBS for 25 minutes. They were then rinsed in PBS and incubated in 0.1 N HCl for 10 minutes before being rinsed again in PBS. The tissue sections were digested with 200 μg ml-1 RNase A at 37°C for 1 hour. These were then washed and stored in PBS until denaturation.
Probe preparation
Whole porcine chromosomes were isolated by flow sorting chromosomes prepared from peripheral blood lymphocytes. The chromosome templates underwent primary and secondary amplification by performing degenerate oligonucleotide primed polymerase chain reaction (DOP-PCR) and were subsequently labelled with biotin-16-dUTP (Boehringer Mannheim) [50, 51] . However, due to non-suppressed sequences on chromosome 18 after FISH a repetitive region of chromosome 14 was microdissected and used as suppression DNA with the chromosome 18 probe. 300 ng biotin-16-dUTP labelled chromosome paint (450 ng for 3D FISH on ex vivo tissue samples), 50 μg sheared porcine genomic DNA and 3 μg herring sperm were ethanol precipitated at −80°C for at least 1 hour before dissolving in hybridisation mixture (50% formamide, 10% dextran sulphate, 2x SSC and 1% Tween 20) at 50°C for a minimum of 2 hours prior to performing FISH. The probes were denatured for 5 minutes at 75°C and left for 1 hour at 37°C.
2D Immuno-FISH
The slide preparations were aged for one hour at 70°C prior to dehydration via an ethanol series (70%, 90% and 100%). Nuclei derived from cultured cells were denatured in 70% formamide, 2x SSC pH7.0 at 70°C for 2 minutes prior to immediate immersion in ice-cold 70% ethanol for 5 minutes and then subsequently through another ethanol series before being air-dried. The appropriate probe was applied to each slide and was covered with a 22x22 mm 2 coverslip, sealed with rubber cement and left in a humidified chamber at 37°C overnight. On removal of the coverslips, the slides were washed in 50% formamide, 2x SSC pH 7.0 at 45°C, three times for a duration of 5 minutes each. Slides subsequently washed with 0.1x SSC prewarmed at 60°C, but placed in a 45°C water bath, three times, for 5 minutes each, before being transferred to 4x SSC, 0.05% Tween 20 for 15 minutes at room temperature. 150 μl of 4x SSC, 0.05% Tween 20 and 3% BSA blocking solution was applied to the slide and incubated for 20 minutes at room temperature. The excess was removed and a mixture containing 120 μg/ml streptavidin Cy3 (Amersham Biosciences), 4x SSC, 3% BSA and 0.05% Tween 20 was applied to each slide. The slides were incubated at 37°C for 30 minutes in darkness. Three washes in 4x SSC, 0.05% Tween 20 were performed at 42°C for 5 minutes each, prior to a brief wash in fresh deionised water. Preparations were incubated with monoclonal anti-BrdU antibody (Becton and Dickinson) diluted 1:100 with 1% NCS PBS for 30 minutes at 37°C. The slides were washed three times with PBS before application of secondary antibody donkey anti-mouse FITC (Jackson Laboratory) diluted 1:60 with 1% NCS PBS for 30 minutes at 37°C. The slides were washed three times with PBS and briefly with deionised water before mounting with Vectashield anti-fade mountant (Vectorlabs) containing DAPI as a counterstain.
3D FISH on ex vivo tissue sections
For tissue sections, 12 μl probe was applied to each tissue section and sealed with an 18x18 mm coverslip and rubber cement. Both the probe and tissue sample were denatured at 85°C for 6 minutes and left to hybridise at 37°C in a humidified container for 2 days. The post-hybridisation washes were performed as described previously with the following exceptions: the probe detection was performed using a 1:100 dilution of streptavidin conjugated with fluorescein (Amersham Biosciences) and the sections were mounted using Vectashield anti-fade mountant with propidium iodide (PI) (Vectorlabs). Extra PI was added to the mountant to give a final concentration of 7.5 μg μl -1 .
Microscopy and image analysis
Nuclei that were subjected to 2D FISH were examined with a Leica epifluorescence microscope (Leitz DMRB) and observed using a 100x oil immersion objective (Leica). Images were acquired with a CCD camera (Sensys, Photometrics) and were pseudocoloured using Smart Capture VP v1.4 (Digital Scientific Ltd, Vysis) providing merged colour images.
Approximately, 50-60 positively BrdU stained nuclei were analysed using a script developed by Paul Perry in IPLab software [5] . The scripts allowed erosion shell analysis, dividing the nuclei into five concentric shells of equal area from the nuclear periphery to the centre, removing a certain amount of background and measuring the proportion of DAPI and FITC (probe) signal within each shell. Initially, the DAPI image was segmented and its area determined, before the removal of background by detecting the mean FITC pixel intensity within the nuclei and subtracting it from the FITC image. The proportion of DAPI and FITC probe was ascertained for each segment and normalised by dividing the area signal by the nuclear area in pixels.
Tissue section images were acquired with a BioRad MRC 600 confocal laser scanning microscope. Stacks of optical sections were collected at 1.5 μm intervals through the tissue. The stacks were viewed and analysed in 3D reconstructions using Imaris software. Measurements were taken from the centre of a territory to the nearest edge and were normalised by dividing this value by the longest nuclear length.
Statistical analysis
Statistical analyses on 2D FISH data were performed using one-way ANOVA. In this instance, the null hypothesis states that there is no statistical difference between the mean nuclear chromosome positions between the populations examined and is accepted if the P value is higher than P = 0.05. If the P value is lower than P = 0.05, then the result was deemed significant and the null hypothesis was rejected.
Statistical analyses on 3D tissue sections were performed using unpaired, unequal variance, two-tailed Student t-test. In this instance, the null hypothesis states that there is no statistical difference between the mean nuclear chromosome positions between the two populations examined. A two-tailed P value of less that P = 0.05 was deemed a significant result and the null hypothesis was rejected. A two-tailed P value of higher than P = 0.05 indicated that the results were not significant and the null hypothesis was accepted.
